Porphyrins and fullerenes are spontaneously attracted to each other. This new supramolecular recognition element can be used to construct discrete host-guest complexes, as well as ordered arrays of interleaved porphyrins and fullerenes. The fullereneporphyrin interaction underlies successful chromatographic separations of fullerenes, and there are promising applications in the areas of porous framework solids and photovoltaic devices.
Introduction
The manipulation of weak forces to construct new molecular architectures is a major theme of contemporary chemistry. Traditionally, H-bonding, electrostatics, labile metal-ligand bonds, and flat π-π interactions have been used to assemble new structures. This Account concerns a newly recognized supramolecular recognition element: the attraction of the curved π surface of a fullerene to the center of the flat π surface of a porphyrin or metalloporphyrin. The traditional paradigm of supramolecular chemistry is not followed inasmuch as it is not necessary to match a concave host with a complementary convex guest. 1 The close association of a fullerene and a porphyrin was first recognized in the molecular packing of a crystal structure containing a covalent fullerene-porphyrin conjugate, 1 ( Figure 1 ). 2 The 2.75 Å approach of a fullerene carbon atom to the center of the neighboring porphyrin plane was notably shorter than the separations of familiar π-π interactions. Graphite and typical arene/arene separations are in the range 3.3-3.5 Å. Interfacial porphyrinporphyrin separations are >3.2 Å, 3, 4 fullerene-arene approaches lie in the range 3.0-3.5 Å, 1 and fullerenefullerene separations are typically ca. 3.2 Å. A precedent for the close approach of a fullerene to a porphyrin can be found in the structure of a C 60 complex of a nickel porphyrazine reported in 1995. 5 The fullerene-porphyrin association was proposed to be attractive and structure-defining. In addition to a π-π attraction, the centering was viewed as the result of an interaction between the electron density of a 6:6 ring juncture of the fullerene (i.e., the "double" bond) and the electropositive center of the porphyrin. The extent of charge transfer, if any, and its direction have become a matter of debate.
Fullerene-Porphyrin and Fullerene-Metalloporphyrin Cocrystallates
The generality of the fullerene-porphyrin attraction quickly became apparent in work with tetraphenylporphyrins from our labs 6 and with metallooctaethylporphyrins in the labs of Balch & Olmstead. 7 Almost any free-base porphyrin or metalloporphyrin (or like macrocycle) can be cocrystallized with almost any fullerene (or derivatized fullerene) from comixed solutions. [8] [9] [10] [11] [12] [13] Representative examples are illustrated by H 2 TPP‚ C 60 ‚3toluene (H 2 TPP ) tetraphenylporphyrin) and 2Co-(OEP)‚C 60 ‚CHCl 3 (OEP ) dianion of octaethylporphyrin). As shown in Figures 2 and 3 , the structures often adopt an alternating zigzag motif. The less sterically hindered OEP complexes usually retain the face-to-face porphyrinporphyrin motif commonly seen in structures of the parent porphyrins. A minority of structures have fullerenefullerene contacts. This suggests that, in the absence of steric effects, the hierarchy of interaction strengths is porphyrin-porphyrin > porphyrin-fullerene > fullerenefullerene. Some porphyrins depart significantly from planarity. They can be domed, ruffled, or warped in a variety of ways for a variety of reasons. This can have the effect of partially wrapping a fullerene, 12, 14 presumably enhancing the π-π interactions.
To date there have been no reports of phthalocyaninefullerene cocrystallates, although scanning tunneling microscopy (STM) imaging of Cu(phthalocyanine) 15 and B(subphthalocyanine) 16 on a close-packed C 60 film has been investigated.
The fullerene-porphyrin "embrace" can steer the development of further crystal organization by cooperating with other supramolecular recognition and crystal packing elements. An informative example is provided by the cocrystallate H 2 TPFP‚C 60 (H 2 TPFP ) tetra(pentafluorophenyl)porphyrin), which, as shown in Figure 4 , combines the strict tetragonal register of alternating fullerenes and porphyrins with 2D sheets connected by (pentafluorophenyl)porphyrin C-F‚‚‚H-C hydrogen bridge interactions. 17 Although this structure postdated the fullerenepillared sheet structures discussed below, it illustrates the developing concept of engineering extended framework solids using the fullerene-porphyrin molecular attraction as a primary organizational element.
Host-Guest Complexation
The fullerene-porphyrin interaction observed in cocrystallates is not merely a feature of the solid state; it persists in solution. Small but significant mutual upfield ring current-induced shifts were detected in the 1 H NMR spectrum of the H 2 TPP and the 13 C NMR spectrum of C 60 of mixtures in toluene solution. 6 Discrete 1:1 complexes with high binding constants for C 60 and C 70 were obtained by constructing hosts having two porphyrins about 12 Å apart. This creates a good fit for C 60 and C 70 since they have van der Waals diameters of about 10 Å. Cyclic bisporphyrins were first designed by Aida, Tashiro and coworkers 18, 19 and acyclic ("Jaws") bisporphyrins were first designed in our labs. 14, 20 These are illustrated in the crystal structure of a C 60 adduct in Figure 5 and the crystal structure of a C 70 adduct in Figure 6 . The egg-shaped C 70 binds with the equatorial belt region closest to the porphyrin planes, a feature that had been previously deduced from its 13 C NMR spectrum. As shown in Figure  7 , the magnitudes of the upfield shifts of the five different types of C atoms (a to e) increase progressively from the pole to the belt region. 20 The binding of C 70 at its equatorial region rather than the poles must be driven by the greater π-π contact area available to the porphyrin from the less curved regions of the fullerene. 6 The observation of mutual upfield ring current effects in fullerene-porphyrin complexes is a general phenomenon. It has even been observed in the solid state where rapid rotation of fullerenes allows the detection of sharp signals. 6 Solvate molecules have been omitted for clarity.
FIGURE 3.
Zigzag alternating C 60 and {Co(OEP)} 2 moieties in 2Co-(OEP)‚C 60 ‚CHCl 3 . 7 The solvate molecule has been omitted for clarity. FIGURE 5. X-ray structure of C 60 bound to a cyclic bisporphyrin host. 19 phyrin, 25 and a pentaporphyrin box. 26 The porphyrinfullerene attraction has also been shown to be important in the assembly of gels 27 and augmenting other host-guest complexation.
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The Nature of the Fullerene-Porphyrin Interaction
The experimental observations regarding the nature of the fullerene-porphyrin interaction can be summarized as follows.
In the vast majority of structures the 6:6 ring juncture bond of the fullerene, rather than the 6:5 ring juncture bond, lies closest to the porphyrin or metalloporphyrin plane. These 6:6 "double" bonds of fullerenes are more electron-rich than the 5:6 "single" bonds. They are centered over the electropositive center of the porphyrin or metalloporphyrin with the closest C fullerene -to-porphyrin plane distances of 2.6-3.0 Å.
Binding constant data for a variety of bisporphyrins are given in Tables 1 and 2 . The binding of fullerenes to freebase porphyrin hosts is often of comparable strength to zinc porphyrins and somewhat surprisingly, stronger than a number of other first row transition metalloporphyrin hosts. This suggests that covalent metal-ligand bonding is not of major importance, at least for first row metals. A Rh(III) porphyrin shows higher affinity, attributable to more significant M-C metal-ligand bonding for a second row metal.
Typically, the metal in a metalloporphyrin-fullerene structure is not significantly drawn out of the plane toward the fullerene, although [Fe III (TPP)(C 60 )] + is a notable exception. 30 Probably because of nonplanarity effects, the Cu atom in Cu 2 (JawsP) actually shows a small out-of-plane displacement (0.024 Å) away from the fullerene.
In an N-methylpyrrolidine-derivatized fullerene structure, the carbon atom closest to the porphyrin center is three atoms removed from the functionality. A semiempirical molecular orbital (MO) calculation shows this to be the most negative C atom that is sterically accessible to the porphyrin plane, suggesting an electrostatic component to the orientation of the fullerene. 20 The complex of Fe(TPP) + with C 60 is green rather than purple, the expected color of the combined unperturbed chromophores. 6 This implies charge transfer via coordinate bonding. The Fe atom is slightly out-of-plane (ca. 0.03 Å) toward the C 60 indicating the presence of a weak axial coordinate bond (ca. 2.63 Å) with at least some degree of covalence. The Fe(III) center is cationic, and its d z 2 orbital is only half occupied, suggesting that the direction of charge transfer is with the fullerene as the donor. The likely orbital involvement was identified by density functional theory in closely related complexes of Fe(TPP) + with η 2 -bonded arenes. 30 
C 60
1-fullerides appear to bind to metalloporphyrins more strongly than C 60 fullerenes. 31 The Co-C bond in [Co II (TPP)(C 60 )] -is ∼0.4 Å shorter than that in Co II (TPP)-C 60 , and the Co atom is displaced ∼0.1 Å from the mean porphyrin plane toward C 60 . This is consistent with the notion of the fullerene moiety acting as the electron donor to the metalloporphyrin. Significant covalence in the metal-carbon bonding is indicated by the overall diamagnetism of [Co Small red shifts of the Soret (Q) bands in the absorption spectra of porphyrins and metalloporphyrins (up to 7 nm) are frequently seen upon complexation of fullerenes. This may reflect a small degree of charge transfer between the fullerene to the porphyrin ring, lowering the energy of the porphyrin π to π* transition. Porphyrin fluorescence is quenched by the close approach of a fullerene, and this is generally observed. Porphyrin-fullerene films have been reported to exhibit an emission band at ∼800 nm. 32 This FIGURE 6. X-ray structure of C 70 side-bound to a "Jaws porphyrin" host. 14 FIGURE 7. Low temperature (-60°C) 13 C NMR spectrum of a toluene solution of 1.5:1 mixture of C 70 and Jaws porphyrin. Resonances a-e arise from free C 70 and a′-e′ from complexed C 70 . 20
Fullerene-Porphyrin Constructs Boyd and Reed band is not seen in films of the separate chromophores or in solutions of the mixed components. It is therefore attributed to a charge transfer state arising from the fullerene-porphyrin interaction. NIR absorption bands attributed to porphyrin-to-fullerene charge-transfer bands have been observed in solid spectra of porphyrinfullerene cocrystallates.
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Near-edge X-ray absorption fine structure (NEXAFS) measurements on a Zn porphyrin-C 60 film show decreased porphyrin C1s and N1s binding energies relative to uncomplexed porphyrin. 33 This has been interpreted in terms of charge transfer from the fullerene to the metalloporphyrin.
Understanding the nature of the fullerene-porphyrin interaction has two components. Primarily, the attractive interaction is driven by the dispersive forces associated with π-π interactions. This is most straightforwardly illustrated by the side-on rather than end-on binding of C 70 . The close approaches observed in cocrystallates and host-guest complexes, including the relative orientations of bonds, can be well reproduced using empirical molecular mechanics modeling the force fields of which include van der Waals terms. 6, 14, 34 Semiempirical and minimal basis set ab initio calculations do not reproduce the close approach. This is an expected result if van der Waals interactions are dominant because these calculations do not take into account electron correlation.
The experimental data summarized above support the idea that the fundamentally strong π-π interaction is augmented by weak electrostatic or covalent donoracceptor stabilization. The frequently observed alignment of a fullerene 6:6 ring juncture "double" bond with a trans N‚‚‚N vector (Figure 8 ) has been rationalized on electrostatic grounds. 37 The electron-rich porphyrin N atoms are positioned over regions of positive electrostatic potential near the centers of the fullerene rings. This is consistent with the prevailing view of porphyrin dimers where dispersion forces create the fundamental attraction and weaker electrostatic forces control the mutual orientation. 3 More controversial is the concept of the fullerene acting as a donor to the porphyrin or metalloporphyrin. Until the discovery of fullerene-porphyrin complexation, fullerenes were known chiefly for their electron-acceptor properties. For example, C 60 readily forms C 60 n-fullerides, 35 and fullerenes are the acceptors in fullereneporphyrin conjugate photochemistry. 36 We proposed that the higher electron density in the "double" bond at the 6:6 ring juncture of C 60 or C 70 was attracted to the protic center of a free-base porphyrin or the electropositive center of a metalloporphyrin. 2 Recent NEXAFS experiments support the idea that the 6:6 ring juncture bond can donate electron density to the porphyrin or metalloporphyrin, but density functional calculations using a Voronoi deformation density analysis come to the opposite conclusion. 37 At a global level, fullerenes are expected to be electron acceptors in a charge-transfer complex, but at the local level, a specific fullerene bond may donate electron density to the positive center of a porphyrin or metalloporphyrin.
The difficulty of defining the energetics of the interaction and the direction of overall electron flow arise from the relatively small magnitudes of the electrostatic and covalent components. As a consequence, it has not been easy to rationalize the binding constants of fullerenes in a series of metalloporphyrin hosts (Table 1) . It is clear that a number of small effects conspire to affect binding constants in ways that do not always lend themselves to easy deconvolution. The report 19 that the order of binding constants changes slightly between C 60 and C 70 for the same host shows that subtle differences in solvation energies are another factor. 14 The enthalpy of the fullerene-porphyrin interaction has been determined from retention times in variable temperature chromatographic studies using Zn(TPP)-appended silica gel stationary phases. 38 In toluene, the "enthalpy of transfer" is 1.5 kcal‚mol -1 for C 60 and 2.4 kcal‚mol -1 for C 70 . These small values reflect the high energetic cost of displacing arene solvent from around Fullerene-Porphyrin Constructs Boyd and Reed both the fullerene and the porphyrin. "Gas phase" estimates of the binding enthalpy have been made using density functional calculations 6, 37, 39 and usually give much larger values, but DFT is well-known to show erratic performance in the calculation of van der Waals interactions. 40 Relating calculated values to experimental determinations will require solvation to be taken into account.
Chromatographic Applications
Prior to the structural observation of discrete fullereneporphyrin complexes, the fullerene-porphyrin interaction had been proposed as the basis for selectivity in fullerene chromatography using zinc porphyrin-appended silica stationary phases. 41 Long retention times are associated with larger-sized fullerenes, consistent with greater π-π contact areas. A parallel is seen in the selectivity for C 70 over C 60 observed in static solution with "Jaws" porphyrins.
14 Columns of porphyrin-appended silica are also superior for the separation of endohedral metallofullerenes such as Ln@C 82 . 41 Their longer retention times relative to isostructural metal-free fullerenes are consistent with the idea that endohedral fullerenes have external fulleride character, arising from the positive oxidation state of the metal and are therefore better donors to a metalloporphyrin. Again, a parallel is seen in the stronger binding of Gd@C 82 relative to C 82 with "Jaws" porphyrin in mass spectrometric measurements.
14 Very recently, cyclic porphyrin dimers have been shown to selectively extract higher fullerenes. 
Fullerene-Pillared Metalloporphyrin Frameworks
The tetragonal shapes of porphyrins and the globular shapes of fullerenes make them attractive candidates for assembling extended supramolecular framework solids. 43 We wondered whether the fullerene-porphyrin interaction was sufficiently strong to act as a structure-defining element with layered porphyrinic structures. Interleaved fullerene "pillars" might strengthen porous porphyrin frameworks giving them greater potential as zeolite analogues.
When tetra(4-pyridylporphyrin) (H 2 TpyP) is treated with Pb II halides, a 2D infinite sheet structure is formed. 44 A portion of this layer is shown in Figure 9 . As shown in Figure 10 , a layer of solvent molecules is sandwiched between the porphyrin sheets the interlayer separation of which is 5.5 Å. The porphyrins are not in strict perpendicular alignment. Rather, they are offset (or slipped) from each other by 10.5 Å. When C 60 is included in the crystallizing mixture of H 2 -TpyP and Pb(NO 3 ) 2 , the fullerene intercalates into the solvent layer producing a fullerene-pillared structure. 8 As illustrated in Figure 11 , the fullerenes are sandwiched between porphyrinic layers. The interlayer separation has increased to 12.1 Å, accommodating the 10 Å van der Waals diameter of C 60 plus some tetrachloroethane solvate molecules. As expected for a supramolecular association, there are no significant changes in the bond distances and angles of the components relative to those found in unassociated fullerene and porphyrin structures. The shortest approach of a fullerene C atom to the porphyrin plane is 2.59 Å, the shortest yet observed for a free-base porphyrin-fullerene interaction. As in discrete molecule porphyrin-fullerene cocrystallates, a 6:6 ring juncture bond of the fullerene is closest to the porphyrin and is precisely aligned with a trans N‚‚‚N vector of the porphyrin. Notably, the alignment of the porphyrins shows strict tetragonal register. There is no vertical offset (or slippage). This is taken as evidence that the fullerene-porphyrin supramolecular interaction is a truly structure-defining element. Disordered tetrachloroethane solvent molecules partially fill the voids in the lattice. The free volume in the structure for solvent is remarkably high: ca. 52%. This was estimated from the cavities left after the van der Waals surfaces are generated for the porphyrin-fullerene assembly. There are channels along the 4-fold axis and the zigzag spaces perpendicular to the 4-fold axis between the fullerenes.
A similar cocrystallization of Pb(NO 3 ) 2 , H 2 TpyP, and the larger, egg-shaped fullerene C 70 also leads to a intercalated material with strict tetragonal register and an interlayer separation of 12.5 Å.
8 This is consistent with side-on rather than end-on binding of the C 70 pillars, maximizing van der Waals interactions. A closely related cocrystallization of H 2 TpyP and C 70 with mercuric iodide instead of lead nitrate yields a structure containing porphyrin ribbons rather than sheets. 8 The porphyrin ribbon motif, shown in Figure 12 , is very similar to that found in the non-fullerene-containing structure of H 2 TpyP‚2HgBr 2 ‚2CHCl 3 . 45 As in the sheet structures, the fullerenes bring the porphyrins into perpendicular register and pry the ribbons ca. 12.5 Å apart. This accommodates C 70 in a side-on orientation with its 5-fold axis along the direction of the ribbon. This is shown in Figure 13 . The ribbons are interleaved leaving less free space for solvent than in the sheet structure, 30% compared to 52%.
There is wide interest in the idea that porous channels in porphyrin framework solids can act as zeolite analogues in separations, catalysis, and sensor applications. 46 Most porphyrin framework structures collapse irreversibly upon total removal of solvent molecules, and this fragility has slowed progress toward functional materials. However, the recent success by Suslick and co-workers 47, 48 in demonstrating reversible size-and shape-selective adsorption/ desorption and desiccant properties with a cobalt-linked carboxylate porphyrin (PIZA-1) encourages further exploration. Preliminary experiments 8 with the layered sheet compound H 2 TpyP‚C 60 ‚Pb(NO 3 ) 2 ‚1.5TCE suggest that the fullerene pillars do indeed add strength to the framework structure. As judged by thermogravimetric analysis and elemental composition with energy-dispersive X-ray microanalysis under scanning electron microscopy conditions, approximately 80% of the solvent can be removed by heating to 250°C under vacuum for 2 days. The powder XRD pattern changes as a result of this treatment, but there is no significant diminution of crystallinity. These features parallel the behavior reported for PIZA-1.
Nanostructure Applications
In addition to the application of fullerene-pillared frameworks as possible zeolite analogues, the idea that the fullerene-porphyrin recognition element can be used as an organizing force to produce nanoscale particles has also been pursued.
Derivatized fullerenes are well-known to aggregate into a variety of nanoscale rods and vesicles. When the derivatization includes an appended porphyrin on C 60 , 30-500 nm tubules assemble from aqueous solution under sonication. 49 Whether this aggregation is driven by porphyrin-porphyrin attraction or porphyrin-fullerene attraction has not been experimentally determined, but calculations favor the former. On the other hand, in dendritically elaborated porphyrins, there is good NMR and UV-vis evidence that fullerenes bind in the cleft of acyclic bisporphyrins, driving the formation of peapodlike tubules. 50 An oriented adlayer of a fullerene derivative has been prepared on a gold electrode by first depositing Zn(OEP). 51 Kamat and co-workers have exploited fullerene-porphyrin aggregation to form stable clusters of 5,15-bis(3,5-tert-butylphenyl)porphyrin and C 60 in acetonitrile-toluene solutions. 52 New broad and intense absorptions appear in the visible and NIR spectral regions relative to fullerene clusters or porphyrin clusters suggesting a charge-transfer interaction between the two different chromophores. The clusters can be transferred onto a SnO 2 surface to form particles of 200-300 nm size or allowed to crystallize into well-defined microcrystallites. These presumably have the same kinds of structures as seen earlier in single crystals derived from traditional cocrystallization techniques. The surface-absorbed clusters show enhanced light-harvesting characteristics that are significantly better than the additive effect observed from either porphyrin or fullerene clusters. The incident photon-to-photocurrent efficiency is 17% for the composite but only 1.6% for the porphyrinonly cluster and 5% for the fullerene-only cluster. This increased efficiency in electron/hole separation must arise from the organizational elements of the supramolecular fullerene-porphyrin cluster.
Conclusions
The spontaneous attraction of a fullerene to the center of a porphyrin is a new structure-defining supramolecular recognition element that can be used to produce discrete Fullerene-Porphyrin Constructs Boyd and Reed host-guest complexes, extended porous framework solids, and nanoscale particles. The interaction is essentially van der Waals in nature but is perturbed by weak electrostatic and possible charge-transfer effects. It has been central to the success of the chromatographic separation of higher fullerenes and endohedral fullerenes in porphyrin-appended silica gel stationary phases, and there are promising indications of useful applications in the areas of zeolite analogues and photovoltaic devices.
